pressed as alternatively spliced isoforms, with the highinvestigate the role of amphiphysin in synaptic physiology. We have generated mice that lack the expression est levels found in brain and striated muscle (Butler et al., 1997; Leprince et al., 1997; Ramjaun et al., 1997;  of amphiphysin 1 and, as an unexpected consequence, also lack brain amphiphysin 2. These mice exhibit synWechsler-Reya et al., 1997; Wigge et al., 1997a) . The predominant neuronal isoforms of amphiphysin 2 form aptic vesicle recycling defects that are compatible with the basic function of the nervous system. However, the heterodimers with amphiphysin 1 and the heterodimer is concentrated in nerve terminals (Wigge et al., 1997a;  mice are prone to seizures, which dramatically decrease their viability, and exhibit severe learning deficits. Ramjaun Additional evidence for a role of amphiphysin in endoin knockout neurons ( Figure 1D and data not shown). By Northern blot analysis expression levels of the 2.2 cytosis comes from studies in Saccaromyces cerevisiae. In this organism, the homolog of amphiphysin, Rvs167, kb transcript encoding amphiphysin 2 were comparable in wild-type and knockout brain (Figure 2A) Figure 2B ). These data suggest that amphiphysin 1 is required for the stability of amphiphysin 2 only in neusynapses. It may act as a multifunctional adaptor that links cytosolic proteins to the membranes and coordirons, where the two isoforms are primarily found as heterodimers and colocalize accordingly ( Figure 2C ; see nates the function of clathrin coat proteins, other accessory factors, and the actin cytoskeleton. fluorimetry-based glutamate release assay (Nicholls and Collectively, these results provide strong evidence for Sihra, 1986), we found no difference in the kinetics or a role of amphiphysin in the assembly of endocytic comamount of glutamate release between wild-type and plexes at the membrane. knockout synaptosomes upon high K ϩ stimulation, which points to a normal exocytic function in knockout Decreased Stimulus-Dependent Labeling synapses ( Figures 4A and 4B ). Fluorescent amphipathic of Synaptic Vesicles Following a "Pulse" styryl dyes were then used to study synaptic vesicle Incubation with an Endocytic Tracer recycling. We employed FM2-10 for these experiments, In spite of the biochemical results described above, no because it has the fastest "off rate" among commonly obvious ultrastructural differences were observed by used styryl dyes and was shown to give a good signalelectron microscopy in synapses of wild-type and muto-noise ratio in synaptosomes ( . We started by determining the ability of synaptomutant synapses and the number of synaptic vesicles somes to internalize the dye into vesicular compartper synapse was the same in the two genotypes (data ments in a stimulation-dependent fashion. Briefly, synnot shown). To assess the possible occurrence of synaptosomes were preincubated with FM2-10 and aptic vesicle recycling defects that could be unmasked depolarized for 90 s by the addition of high K ϩ in the by stimulation, we used two distinct and complementary continued presence of dye. Then, after a brief wash, approaches.
synaptosomes were hypotonically lysed, subjected to low-speed centrifugation, and the fluorescence trapped First, we performed experiments on cerebral cortex The reduced stimulus-dependent dye uptake into vesicwild-type synaptosomes ( Figure 4D ), suggesting that synaptic vesicle recycling efficiency is also reduced in ular compartments described above could be explained by a delayed endocytic uptake of the tracers but also by amphiphysin 1-deficient nerve terminals.
Second, we used electron microscopy in combination a smaller size of the recycling pool of synaptic vesicles. Although the number of vesicles per synapse appears with the fluid-phase uptake of the endocytic marker horseradish peroxidase (HRP) to monitor formation of to be normal, the functional recycling pool could be smaller. To determine the possible contribution of a endocytic intermediates in cultured cortical neurons (Heuser and Reese, 1973). Neurons were grown in culsmaller functional recycling vesicle pool and to validate the results described above with a more physiological ture for at least 2 weeks to allow for the formation of numerous synaptic contacts (see Figure 1D ). They were stimulus, we performed styryl dye uptake and release studies in paired cortical cultures from wild-type and then preincubated with HRP for 3 min, stimulated with high K ϩ for 90 s (or mock-incubated in low K ϩ ) in the mutant animals using action potential trains of variable duration at 20 Hz. Cultures were first exposed to an continued presence of the tracer, fixed, and processed for electron microscopy analysis. High K ϩ stimulation initial dye-staining step with FM1-43 using a variable number (x) of action potentials (where x ranges from 20 produced a significant increase in the HRP labeling of We also measured the destaining kinetics of synaptic potential stimulus in the dye-loading step.
The total amount of dye uptake with different number terminals loaded with FM1-43 during a 600 action potential stimulus. A delay in the delivery of newly internalized of action potentials was normalized to the uptake at 600 action potentials in wild-type terminals and plotted as vesicles to the releasable vesicle pool would be reflected in a greater time constant for dye release. Onset a function of action potential numbers ( Figure 6A ). As expected, there was clearly an increase in the size of of the stimulus was associated with a decline in fluorescence in both wild-type and knockout synaptic terminals the vesicle pool that is mobilized with a longer stimulus train in both wild-type and knockout cultures. However, ( Figure 6B ). The decline in fluorescence was identical until 100 action potentials, the fifth time point measured. the recycling vesicle pool was 25%-30% smaller in the knockout cultures compared to the wild-type cultures However, at later time points (Ͼ200 action potentials), there was a statistically significant delay in the destainover the entire range of action potential stimuli.
The experiments described in Figure 6A , which ing kinetics of knockout terminals relative to wild-type terminals. The time constant of destaining was 17.6 Ϯ showed a smaller total recycling vesicle pool size in knockout cultures, also allowed us to determine whether 0.6 s in wild-type compared to 21.1 Ϯ 0.5 s in knockout terminals (p Ͻ 0.02, n ϭ 3). there was a difference in the fraction of the recycling pool that is engaged by a given duration of action poten-
The slower destaining kinetics of FM1-43-loaded syn- sess higher brain function. We first examined the spatial learning ability of amphiphysin 1 knockout mice using the Morris water maze task (Morris, 1989 ). Mice were trained on a task in which they searched for a hidden submerged platform in order to escape from water, using visual cues from the environment. The escape latency, recorded over several sessions, revealed a progressive improvement of the performance in all animals. However, a striking learning deficit in the mutant animals was detected ( Figure 8A ). After training in the hidden platform test, the transfer test in which mice were allowed to swim freely for 60 s following removal of the platform, was performed. A measurement of quadrant occupancy revealed that wild-type mice spent significantly more time in the quadrant where the platform had been originally located, whereas mutant mice did not ( Figure 8C ). Moreover, crossings of amphiphysin 1 knockout mice over the original platform location were significantly lower compared to wild-type animals (Figure 8D) . No difference in path length was observed between the two genotypes ( Figure 8E ), indicating that swimming ability is not impaired in knockout mice. To rule out any differences in visual acuity, locomotor activity, or motivation, mice were trained on a visible platform test, in which the platform was placed above the surface of the water with a prominent "flag" attached to it. The escape latency was recorded over the course of 4 days. During this time, the performance of mice from both genotypes improved, although less dramatically in the case of mutant mice ( Figure 8B ). These results strongly ., 1995) . Increasing blood the fear response generated by a novel context was levels of the drug results in a series of well-defined comparable for both genotypes ( Figure 8F) . As a control, responses that start with intermittent body twitches, nociceptive reactions to footshocks were also investileading to hyperkinetic tonic-clonic seizures and finally gated for both genotypes and were found to be compato a tonic extension and death. Whereas the time lag to rable (data not shown). Altogether, our data indicate the first neurological symptoms (first twitch) was comthat amphiphysin 1 knockout mice exhibit major learning parable in both genotypes, knockout mice progressed deficits, which are not restricted to spatial learning defsignificantly faster to the next two phases (tonic-clonic icits. and tonic extension, respectively), demonstrating an increased propensity to seizures ( Figure 7B) .
Discussion
The results of this study show that in mammals amphiAmphiphysin 1 Knockout Mice Exhibit Cognitive Defects physin function is required for efficient synaptic vesicle recycling. The data further demonstrate that a partial Considering the synaptic vesicle recycling defects revealed by our studies, the lack of impairment in nervous impairment of this process, and possibly of other membrane recycling pathways at the synapse, is compatible tissue function, besides occasional seizures, was puzzling. Behavioral tests were therefore performed to aswith the basic operation of the nervous system, although ). In mammals, the presence of two neuronal teins in brain homogenates) and morphometric results. Thus, the lack of amphiphysin seems to affect several isoforms of amphiphysin (amphiphysin 1 and the neuronal form of amphiphysin 2) in brain underlines their stages of recycling. It seems likely, that although the kinetics of endocytosis is not perturbed (data not importance for nervous system function. A striking observation is that the subtle vesicle recyshown), the fate of vesicles endocytosed in the absence of amphiphysin is altered such that capacity for subsecling defects observed in amphiphysin 1 knockout mice produce important defects at the organismal levels. quent reuse of synaptic vesicles is diminished. This While amphiphysin 1 knockout mice develop and reprosyndrome was mapped to the gene encoding a Rab duce normally, suggesting a basic normal functioning GDP-dissociation inhibitor (GDI), a protein that controls of the nervous system, some important neurological and the Rab cycle, and therefore the vesicle cycle, in nerve behavioral defects were also observed. The death rate terminals and possibly also postsynaptically (D'Adamo of mutant animals is significantly increased compared et al., 1998). The learning defects observed in amphiphyto normal littermates, in particular during the first few sin 1 knockout mice provide another example of a gene months of adulthood. Death was caused by rare irreverswhich functions in vesicle recycling and whose mutation ible seizures and, accordingly, mutant mice have a lower underlies learning defects in a mammalian organism. threshold to seizures. It was shown that synaptic deOther human psychiatric conditions may be due to depression during high-frequency stimulation occurs fects in membrane trafficking at the synapse. much faster at excitatory synapses than at inhibitory
Experimental Procedures
synapses, and this difference may be a critical mechanism protecting the nervous system from seizures (Ga- not yet been identified. An inherited mental retardation Liposomes were then isolated by ultracentrifugation, washed three cortices were separated from the hippocampus and basal ganglia and dissociated using protocols similar to those used for hippocamtimes, and incubated in the presence of 20 Ci [␥ 32 P]ATP for 10 min at 37ЊC. Lipids were extracted and processed for analysis by thin pal cultures (Ryan, 1999) . Confocal laser scanning microscopy, electrical field stimulation, FM1-43 uptake, and release experiments layer chromatography, and the identity of lipids was confirmed by high performance liquid chromatography as described previously were performed as described (Ryan, 1999) in 2-to 3-week-old cultures. FM1-43 (Molecular Probes, Eugene, OR) was stored at 4ЊC (Cremona et al., 1999). Using phosphoimaging, counts for PI(4,5)P2 were normalized to total counts, which mainly included those of as 3 mM aliquots and used at a final concentration of 15 M. phosphatidic acid. The affinity chromatography using GST fused to the proline-rich region of dynamin was performed as in Slepnev et Metrazol Injection al. (1998), with slight modifications. 15 mg detergent extracts from 12-week-old mice were injected intraperitoneally with a solution of wild-type and knockout brains were incubated for 4 hr at 4ЊC in the pentamethylenetetrazole at 15 mg/kg every 5 min until observation presence of 0.8 mg GST or GST fused to the proline-rich region of of the last phase of seizure. The time required to reach the various human dynamin 1 prebound to 150 l Sepharose 4B beads (Amerphases of seizure was recorded. The first twitch was generally desham Pharmacia Biotech, Inc., Piscataway, NJ) in a buffer containing tectable in the ear; the tonic-clonic phase was defined as repeated 25 mM HEPES (pH 7.4), 150 mM KCl, 1 mM EGTA, 1% Triton X-100, hyperkinetic movements of forelimbs followed by a loss of postural and a cocktail of protease inhibitors. In one experimental condition, control and falling, after which both the forelimbs and hindlimbs 15 mg knockout extract were supplemented with 30 g purified were characterized by clonic movements; the tonic extension phase recombinant amphiphysin 1 prior to affinity chromatography. Folbegan when animals arched their body and their limbs, after which, lowing five washes with the same buffer, proteins were eluted in in most cases, they stopped breathing and died. Seven wild-type sample buffer and processed for immunoblotting. and ten knockout mice were used for the experiment. Statistics were performed using ANOVA. FM2-10 Uptake in Synaptosomes Synaptosomes were prepared from four mouse cortices as pre-
Behavioral Paradigms viously described (Marks and McMahon, 1998). For each experi-
The Morris water maze test was performed as described previously ment, 500 g synaptosomes were used. In the "unloading" experi- (Morris, 1989; Wickman et al., 2000) . In total, 18 mice (nine males, ment, synaptosomes were incubated for 5 min at 37ЊC in low K ϩ nine females) of 5-7 months of age were used for the experiments saline solution prior to transfer to the 1 ml cuvette preheated at for both wild-type and knockout genotypes. A circular white plastic 37ЊC in a Hitachi F-3010 fluorimeter. Synaptosomes were preincutub 1 min in diameter was filled with water (21Њ-22ЊC) and divided bated for 3 min with FM2-10 (Molecular Probes, Inc., Eugene, OR) into four quadrants of equal surface. Swim times, path length, and all at 100 M final concentration and stimulated with 30 mM KCl for other measurements were made using the Poly-track Video Tracking 90 s. Synaptosomes were washed twice with 1 ml low K ϩ saline System (San Diego Instruments). For the hidden platform test, a 10 solution containing 1 mg/ml BSA, resuspended in low K ϩ buffer, cm 2 transparent Plexiglas platform was submerged 0.5 cm beneath and transferred back to the cuvette. Following a 10 min incubation, the surface and positioned consistently over the course of the test. a second stimulation with 30 mM KCl was applied, and fluorescence Mice were allowed to swim until they encountered the platform or was measured at 467/550 nm as a function of time. In the FM2-10 for a maximal duration of 60 s, after which they were placed on the internalization experiment, a similar protocol was used except that, platform for 15 s. Mice began each of the four daily trials from a following the first stimulation with 30 mM KCl and the washes, different quadrant, and the time required to find the platform was synaptosomes were lysed in a hypotonic solution containing 20 mM recorded and averaged. The intertrial interval was 3.5 min. The test HEPES (pH 7.4), vortexed for 10 s, supplemented with KCl to 150 was performed for 7 consecutive days, always in the afternoon. On mM final concentration, and centrifuged for 2 min in a microfuge day 8, the transfer test was performed. Briefly, the platform was at maximal speed. Fluorescence associated with the supernatant, removed, and mice were allowed to swim for 60 s, starting from the containing FM2-10 labeled internal membranes, was subsequently center of the pool. The time spent in every quadrant, the number measured with the fluorimeter. The glutamate release was perof entries into the area where the platform had been originally loformed as previously described (Nicholls and Sihra, 1986) . cated, and the swimming distance were measured. On days 9-12, in the visible platform test, trials were performed like in the hidden Electron Microscopy and Morphometry of HRP-Labeled platform test, except that the platform was flagged.
Cortical Neurons in Culture
The fear-conditioning test was performed as described (Paylor et Primary cultures of cortical neurons were prepared according to al., 1994; Caldarone et al., 2000). In total, nine mice (five males, four procedures previously described (Banker and Goslin, 1991; Crefemales) of 5-7 months of age were used for the experiments for mona et al., 1999). Cells were maintained up to 3 weeks in Neurobaboth wild-type and knockout genotypes. On the first day of training, sal/B27 medium (Life Technologies/Gibco-BRL, Gaithersburg, MD) each mouse was placed in a training chamber and freezing behavior at 37ЊC in a 5% CO 2 humidified incubator. Neurons were labeled was assessed every 10 s. After 2 min, the conditioned stimulus, a with the fluid-phase marker HRP (Sigma, St Louis, MO) at 10 mg/ tone, was applied for 30 s and terminated by a 2 s unconditioned ml for 3 min at 37ЊC before stimulation in a low K ϩ saline solution stimulus, a footshock of 0.5 mA. This sequence was repeated a containing 130 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 25 second time, after which animals were kept for 30 s in the chamber mM HEPES (pH 7.33), 30 mM glucose, 10 M CNQX, and 50 M and returned to their original cages. On the second day, animals AP-V (Research Biochemicals, Inc., Natick, MA). Neurons were then were first tested for contextual fear. Each mouse was placed in the either kept in low K ϩ for another 90 s ("rest") or stimulated for 90 s training chamber, and freezing behavior was assessed for 5 min in with a solution containing 90 mM KCl and 45 mM NaCl in the presthe absence of tone. One hour later, animals were tested for their ence of HRP ("stimulation"). Cells were fixed in 2% glutaraldehyde/ fear response to the auditory stimulus. Each mouse was placed in a 2% sucrose in 0.1M sodium phosphate buffer (pH 7.4) for 2 hr at different training chamber and exposed to a smell of orange extract. 4ЊC and processed for electron microscopy as described (Cremona During the first 3 min, freezing to altered context was measured, et al., 1999). For morphometry, 37-54 synapses were analyzed at a after which the tone was continuously presented for another 3 min, final magnification of 63,000ϫ. For each condition, 2000-4000 oband freezing behavior to the auditory stimulus was scored. jects were scored. They included labeled or unlabeled synaptic vesicles and clathrin-coated vesicles as well as labeled endosome-like Acknowledgments structures. Endosome-like structures were defined as HRP-labeled compartment larger than synaptic vesicles. Statistics were perWe would like to thank David A. McCormick, Anita Lü thi, and Fabio formed using ANOVA. Results of two independent experiments were Benfenati for helpful discussions and preliminary work; Lijuan Liu pooled.
and Wayne Yan for excellent technical assistance; Khashayar Farsad, Sergei Voronov, Raani Punglia, and Sarah L. King for help at FM1-43 Uptake and Release in Cultured Cortical Neurons various stages of the study; and Reinhard Jahn (Gottingen, GerCortical cultures were generated from 1-to 2-day-old amphiphysin 1 knockout and wild-type mice. Brains were dissected; cerebral many) for the kind gift of antibodies. This work was supported in part by National Institutes of Health grants (NS36251 and CA46128)
